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Membrane subunitA photo-sensitive amino acid analogue was introduced into an outer membrane lipoprotein, Pal,
and then subjected to photo-crosslinking with the lipoprotein-speciﬁc ABC transporter LolCDE.
Pal crosslinked to LolE but not LolC in vivo despite that both are structurally similar membrane sub-
units. LolCDE liganded with Pal containing the photo-sensitive amino acid analogue was isolated
and subjected to in vitro photo-crosslinking. LolE was found to be the binding site for Pal. ATP bind-
ing to LolD decreased the LolE–Pal crosslinking by decreasing their hydrophobic interaction. ATP
hydrolysis in the presence of LolA completely abolished the LolE–Pal crosslinking and, concomi-
tantly, generated a new LolA–Pal crosslinked product.
Structured summary of protein interactions:
LolE and Pal physically interact by cross-linking study (View interaction)
LolE and Pal bind by cross-linking study (View interaction)
Pal and Pal bind by cross-linking study (View interaction)
Pal and LolA physically interact by competition binding (View interaction)
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Bacteria generally have a class of membrane proteins called
lipoproteins, which possess triacylated Cys at the N-terminus and
play diverse roles in the cell envelope [1]. Lipoproteins are pro-
cessed to mature forms after their precursors have been translo-
cated to the outer leaﬂet of the cytoplasmic membrane [2].
Escherichia coli has two membranes, inner (cytoplasmic) and outer
ones. In E. coli, most lipoproteins are localized in the outer mem-
brane while a small number of them remain in the inner one [1].
The membrane-speciﬁcity of lipoproteins is determined by the res-
idue at position 2 in E. coli [3,4], and those at positions 3 and 4 in
Pseudomonas aeruginosa [5]. An ABC transporter LolCDE complex
releases outer membrane-speciﬁc lipoproteins from the inner
membrane. Lipoproteins are hydrophobic because of their N-ter-minal triacyl chains and traverse the hydrophilic periplasm as a
water soluble complex with LolA, a periplasmic carrier protein
[6]. LolB is itself a lipoprotein anchored to the periplasmic side of
the outer membrane, although its membrane anchor is dispensable
for the LolB function [7]. LolB accepts lipoproteins from LolA and
then anchors them to the outer membrane. Outer membrane-spe-
ciﬁc lipoproteins are thus localized in the outer membrane, their
ﬁnal destination, through the Lol pathway comprising LolCDE, LolA
and LolB [1].
The LolCDE complex is composed of one copy each of mem-
brane subunits LolC and LolE, and two copies of an ATPase subunit,
LolD [8]. LolC and LolE exhibit 26% sequence identity to each other
and also similar membrane topologies [9]. Both LolC and LolE span
the inner membrane four times. The LolCDE complex therefore
spans the membrane eight times in total, while most ABC trans-
porters have at least ten transmembrane (TM) segments [10].
The regions between the 1st and 2nd TM segments of both LolC
and LolE comprise about 200 amino acid residues and are exposed
to the periplasm [9]. The amino acid sequences of these regions are
about 18% identical to those of LolA and LolB [11]. The crystal
structures of LolA and LolB exhibit strikingly similar hydrophobic
cavities comprising about 200 amino acid residues [12]. These
observations, taken together, suggest that the two membrane
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binding site like those of LolA and LolB do [11,13].
The reappearance of lipoprotein-releasing activity on reconsti-
tution of separately puriﬁed subunits into proteoliposomes re-
vealed that the LolD2E2 complex was active whereas the LolC2D2
complex was not [14]. These results suggest that the LolC function
is dispensable or LolE can compensate for the LolC function in the
reconstituted apparatus, although both LolC and LolE are essential
for E. coli growth [15].
Photo-crosslinking analyses revealed that LolA interacts with
LolC but not LolE [11]. The LolA–LolC interaction was stimulated
when the LolCDE complex was liganded with a lipoprotein. LolA
also interacted with puriﬁed LolC but not puriﬁed LolE, indicating
that LolC is the scaffold for LolA. These results, however, did not re-
veal the function of LolE, which seems to be more important than
that of LolC for the lipoprotein release reaction.
We found here by means of photo-crosslinking that LolE is the
lipoprotein-binding subunit. Moreover, the addition of ATP with or
without LolA revealed the details of the molecular events by which
each subunit of the LolCDE complex plays a distinct function in the
release of lipoproteins from the inner membrane.2. Materials and methods
2.1. Materials
A photo-sensitive phenylalanine analogue, pBPA, was obtained
from Bachem (Bubendorf, Switzerland). TALON Co2+ afﬁnity resin
(Clontech) was used to purify His6-tagged proteins. n-Dodecyl-b-
D-maltopyranoside (DDM) was purchased from Dojindo Laborato-
ries (Kumamoto, Japan). Anti-LolA [6], -LolC [9], -LolD [15], -LolE
[9], and -Pal [16] antibodies were raised in rabbits.2.2. Construction of plasmids
A derivative of pSS4, pSS4(X), encoding a derivative of Pal–His,
in which the codon for residue X was mutated to an amber (TAG)
codon, was constructed using a QuikChange site-directed muta-Fig. 1. In vivo photo-crosslinking between LolE and Pal. Pal derivatives containing pBPA
harvested, irradiated with UV, and then analyzed by SDS–PAGE and immunoblotting
asterisks. Open circles represent uncharacterized bands. Pal2 indicates the Pal dimer.genesis kit (Stratagene) with pSS4 [17] as a template with the pairs
of oligonucleotides shown in Supplementary Table 1.
2.3. In vivo photo-crosslinking
E. coli strain BL21(DE3) harboring pSup-BpaRS-6TRN, pBADCDE
[11], and a speciﬁed pSS4(X) was grown on LB broth supplemented
with 1 mM pBPA to the midlog phase at 30 C. The plasmid, pSup-
BpaRS-6TRN, encodes engineered amber suppressor tRNA and
engineered tRNA synthetase that can charge pBPA to the suppres-
sor tRNA. When required, 25 lg/ml chloramphenicol, 50 lg/ml
ampicillin, or 50 lg/ml spectinomycin was added. When OD660
reached 0.8, LolCDE was expressed from pBADCDE by the addition
of 0.2% (w/v) L-arabinose. After 1 h, 50 lIPTG was added to express
Pal–His derivatives from pSS4(X). Aliquots (100–300 ll) of the cul-
tures were transferred to micro-titer plates, followed by irradiation
with UV at 365 nm for 5 min using a B-100AP (100W, 1 cm dis-
tance, Ultraviolet Products, Upland, CA) at room temperature.
The cells were harvested by centrifugation at 16000g for 2 min,
and then analyzed by SDS–PAGE and immunoblotting with anti-
bodies against the speciﬁed proteins. The blots were developed
with Immobilon Western (Millipore), followed by detection with
a lumino-image analyzer (LAS-1000plus, Fujiﬁlm).
2.4. Isolation of liganded LolCDE and in vitro photo-crosslinking
LolCDE complexed with a Pal derivative was puriﬁed as re-
ported [18]. Growth of BL21(DE3)/pSup-BpaRS-6TRN/pBADCDE/
pSS4(X), and induction of LolCDE and Pal–His derivatives were per-
formed as described above. Cells were harvested and converted
into spheroplasts. Membrane fractions were prepared from the
spheroplasts, and then solubilized with 50 mM Tris–HCl (pH 7.5)
containing 1% (w/v) DDM, 5 mM MgSO4, and 10% (w/v) glycerol
for 30 min on ice. Supernatants were obtained by centrifugation
at 100000g for 40 min and applied on a TALON column equili-
brated with buffer A (50 mM Tris–HCl, pH 7.5, containing
300 mM NaCl, 0.01% DDM and 10% glycerol). After washing of
the column with buffer A supplemented with 10 mM imidazole,
LolCDE–Pal was eluted with 250 mM imidazole in buffer A. Thein place of the speciﬁed residues were expressed with or without LolCDE. Cells were
with the respective antibodies. The LolE–Pal crosslinked product is indicated by
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(pH 7.5) containing 0.01% DDM and 10% glycerol, and then kept at
80 C.
The isolated LolCDE–Pal(pBPA) complex was resuspended at
0.5 lM in 50 mM Tris–HCl (pH 7.5) containing 0.01% DDM, 10%
glycerol and 5 mM MgSO4. Where speciﬁed, the reaction mixture
was supplemented with 2 mM ATP and/or 5 lM LolA. Aliquots
(125 ll) of the reaction mixtures were subjected to irradiation in
micro-titer plates, and then analyzed by SDS–PAGE and immuno-
blotting as described above for in vivo crosslinking.
2.5. Other methods
SDS–PAGE was carried out according to Laemmli [19]. Densito-
metric quantiﬁcation was performed with an ATTO Densitograph.
3. Results
3.1. Pal speciﬁcally interacts with LolE both in vivo and in vitro
Since previous photo-crosslinking analyses [11] involving LolA
containing photo-sensitive p-benzoyl-phenylalanine (pBPA) didFig. 2. In vitro photo-crosslinking between LolE and Pal. The LolCDE complexes liganded
UV irradiation. Crosslinking was then examined by SDS–PAGE and immunoblotting as inot reveal the function of LolE, we introduced pBPA at various posi-
tions of outer membrane-speciﬁc lipoprotein Pal according to the
method developed by Schultz and collaborators [20,21]. This meth-
od allows the in vivo incorporation of pBPA at amber mutation
positions. Each amber mutant of Pal was expressed in E. coli
BL21(DE3) cells harboring pBADCDE encoding LolCDE under the
control of the arabinose promoter. When pBPA was incorporated
at position 4, the Pal derivative having Ser at position 2 was local-
ized in the outer membrane whereas the other derivative with Asp
at position 2 was found in the inner membrane (unpublished
observation), indicating that the incorporation of pBPA does not
alter the membrane speciﬁcity determined by the lipoprotein-
sorting signal present at position 2. We previously reported that
co-expression of a protein containing pBPA and an interacting part-
ner is important for clear detection of crosslinked products in vivo
[11]. Therefore, Pal containing pBPA was overexpressed with or
without co-overexpression of an interaction partner, LolCDE. The
cells were harvested and then subjected to UV irradiation, followed
by SDS–PAGE and immunoblotting with anti-LolC, -LolD, -LolE and
-Pal antibodies (Fig. 1). As expected, crosslinking between Pal and
LolD was not detected throughout this study, and therefore the
results are not shown.with Pal containing pBPA at the indicated positions were puriﬁed and subjected to
n Fig. 1.
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100 and 147, those with pBPA at positions 4 and 5 generated prom-
inent crosslinked products that migrated to positions correspond-
ing to 70 kDa, and reacted with both anti-Pal and anti-LolE
antibodies (Fig. 1A and C, asterisks), but not anti-LolC antibodies
(Fig. 1B). Generation of this crosslinked product depended on both
UV irradiation and LolCDE overexpression. It seemed likely that
this band represented the crosslinked product formed between
Pal (20 kDa) and LolE (45 kDa). When pBPA was present at
positions 2, 10 and 15, crosslinked products migrating to positions
corresponding to 60 kDa were generated that reacted only with
anti-Pal antibodies (Fig. 1, open circles). Generation of these cross-
linked products was dependent on UV but independent of LolCDE
overexpression. It is not known at present which component gen-
erated the 60 kDa crosslinked product with Pal. When LolCDE
was overexpressed, monomers of LolC and LolE were detected at
40 kDa with the respective antibodies irrespective of UV irradia-
tion (Fig. 1B and C). Overexpressed Pal reacted with not only anti-
Pal but also anti-LolE antibodies and migrated near the front of the
gel (Fig. 1A and C). Bands migrating slightly faster than 37 kDa
most likely represented the Pal dimer (Fig. 1A). These bands were
detected with anti-Pal antibodies. Generation of these bands was
dependent on UV irradiation but independent of LolCDE overex-
pression. The dimer of the Pal derivative containing pBPA at posi-
tion 2 migrated slightly slower than the other Pal dimers. BecauseFig. 3. Effects of nucleotides on LolE–Pal crosslinking. LolCDE liganded with Pal conta
nucleotides and then subjected to UV irradiation. Where indicated, AMP-PNP was added a
product bands in A and B were determined and are indicated in the panels after correctof the large amount of this dimer, not only anti-Pal but also anti-
LolE antibodies detected it (Fig. 1A and C). We previously specu-
lated that Pal in aqueous solution forms micelles, presumably by
sequestering the hydrophobic N-terminal region in the micelle
center [22]. Moreover, the Pal derivative having Cys at position 2
was previously found to form a dimer through a disulﬁde bond
[23]. This may be the reason why Pal with pBPA at position 2 gen-
erated a higher amount of the crosslinked dimer. In any event,
these results suggested that pBPA introduced at the N-terminal re-
gion of Pal caused crosslinking between Pal and LolE but not LolC.
To further conﬁrm that LolE functions as a Pal-binding subunit, we
puriﬁed the LolCDE complexes liganded with Pal containing pBPA
at positions 4, 5 and 100.
The LolCDE complexes liganded with outer membrane-speciﬁc
lipoproteins could be isolated when membrane solubilization and
the following puriﬁcation were performed in the absence of ATP
[18]. LolCDE liganded with Pal(pBPA) was isolated and then sub-
jected to photo-crosslinking (Fig. 2). Pal containing pBPA at posi-
tion 100 did not generate a crosslinked product, as observed
in vivo. On the other hand, Pal with pBPA at positions 4 and 5 gen-
erated crosslinked products that migrated to 70 kDa only with
LolE (Fig. 2A and B). Crosslinked products with LolC were not gen-
erated at all (Fig. 2C) even after extensive development of immu-
noblots (data not shown). The Pal dimer was also detected in the
isolated liganded LolCDE preparation, suggesting that afﬁnityining pBPA at position 4 was incubated in the presence of 2 mM of the indicated
t 20 mM and ATP was added in the absence of Mg2+. The densities of the crosslinked
ion for the density of LolC in each lane of C.
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His-tag at its C-terminus. When Pal contained pBPA at position 5,
two other crosslinked products were generated (Fig. 2B). These
materials were not characterized further. In vitro crosslinking thus
revealed that Pal speciﬁcally interacts with LolE, but not LolC, at its
N-terminal region. The number of crosslinked products decreased
signiﬁcantly when LolCDE liganded with Pal was examined
in vitro, as in the case of crosslinking between LolCDE and LolA
containing pBPA [11].
3.2. Effects of nucleotides on the LolE–Pal interaction
The LolCDE complex liganded with Pal containing pBPA at posi-
tion 4 was subjected to photo-crosslinking after incubation with
various nucleotides (Fig. 3). Addition of ATP signiﬁcantly decreased
the amount of the LolE–Pal crosslinked product whereas neither
ADP nor AMP decreased the crosslinking (Fig. 3A and B). The
amounts of the crosslinked products were densitometrically deter-
mined and corrected for the density of LolC in the respective lanes
(Fig. 3C). The relative amounts of LolE–Pal crosslinked products are
indicated in the ﬁgure. A non-hydrolysable ATP analogue, AMP-
PNP, added at 20 mM [24] and ATP added in the absence of Mg2+
decreased the crosslinking to some extent, indicating that ATP
binding to LolD decreases the afﬁnity of LolE for Pal. It should be
noted that crosslinking between LolC and Pal was not observed un-Fig. 4. Effect of LolA on LolE–Pal crosslinking. LolCDE liganded with Pal containing pBPA
with UV. Crosslinking was analyzed as in Fig. 3.der any of the conditions examined (Fig. 3C). We previously found
that a portion of Pal accommodated in the LolCDE complex was re-
leased from LolCDE when ATP was added [24]. The results pre-
sented here are consistent with the previous observations and
further reveal that Pal dissociates from LolE without passing
through LolC, although both LolC and LolE seem to possess similar
hydrophobic cavities [11].
3.3. Transfer of Pal from LolE to LolA
LolCDE liganded with Pal containing pBPA at position 4 was
incubated with or without ATP and/or LolA and then subjected to
crosslinking (Fig. 4). LolE–Pal crosslinking was decreased by the
addition of ATP in the absence of LolA, as observed in Fig. 3
(Fig. 4A and B). Addition of LolA in the absence of ATP only margin-
ally affected the level of LolE–Pal crosslinking. When ATP and LolA
were added together, LolE–Pal crosslinking signiﬁcantly decreased
and was almost undetectable with anti-Pal antibodies. Instead, the
LolA–Pal crosslinked product was prominently generated in the
presence of both ATP and LolA (Fig. 4C). Since crosslinked LolA–
Pal and the Pal dimer migrated to almost identical positions,
anti-Pal antibodies could not distinguish them (Fig. 4B). No LolC–
Pal crosslinking was observed under any of the conditions exam-
ined (Fig. 4D) even though LolA seemed to be attached to LolC un-
der these conditions [11]. These results indicate that the transfer ofat position 4 was incubated with or without LolA and/or ATP, and then irradiated
Fig. 5. ATP hydrolysis is essential for the transfer of Pal from LolE to LolA. In vitro photo-crosslinking was examined as in Fig. 4 in the presence of LolA and ATP or AMP-PNP.
Where indicated, ATP was added in the absence of Mg2+.
28 M. Mizutani et al. / FEBS Letters 587 (2013) 23–29Pal takes place directly from LolE to LolA, while LolC always func-
tions as a scaffold for LolA.
These results are consistent with previous observation that Pal
was transferred from LolCDE to LolA in a detergent solution when
ATP and LolA were added in the presence of Mg2+ [24], and further
revealed that LolC and LolE play distinct roles in the transfer of
lipoproteins from LolCDE to LolA.
3.4. ATP hydrolysis is essential for the transfer of Pal from LolE to LolA
The effects of ATP binding and hydrolysis on the generation of
LolE–Pal and LolA–Pal crosslinking were further examined
(Fig. 5). Both AMP-PNP added at 20 mM and ATP added in the ab-
sence of Mg2+ decreased the amount of crosslinked LolE–Pal to
some extent but did not cause generation of the LolA–Pal cross-
linked product (Fig. 5C). On the other hand, addition of ATP in
the presence of Mg2+ nearly completely abolished the crosslinking
between LolE and Pal, but caused crosslinking between LolA and
Pal, indicating that ATP hydrolysis is required for the transfer of
Pal from LolE to LolA.
4. Discussion
The introduction of a photo-sensitive amino acid analogue,
pBPA, into outer membrane-speciﬁc lipoprotein Pal clearly re-
vealed that LolE functions as the Pal-binding subunit and transfers
the substrate to LolA upon ATP hydrolysis. Previous analyses with
LolA and LolB containing pBPA revealed that the hydrophobic cav-
ities of these two proteins are the binding sites for lipoprotein acyl
chains. Moreover, LolA was found to interact with LolC, but notLolE [11]. Based on these observations, we speculated that LolC
and LolE have distinct functions [1]. Since LolE appeared to be more
important for lipoprotein release than LolC [14], we analyzed the
interaction of Pal containing pBPA with Lol proteins. Under all the
conditions examined, crosslinking between Pal and LolC did not
take place whereas Pal was found to bind exclusively to LolE. ATP
binding and hydrolysis differently affected the interaction between
Pal and LolE. On the other hand, ATP has no effect on the interaction
between LolA and LolCDE (unpublished observation), indicating
that LolC and LolE play distinct roles in lipoprotein transfer to LolA
despite their similar structures. Since the periplasmic region of LolE
is likely to have a hydrophobic cavity [1], the acyl chains of Pal may
bind to the periplasmic region located between the ﬁrst and second
transmembrane segments [9]. This possibility can be examined
using LolE derivatives containing pBPA. A similar hydrophobic re-
gion is predicted to be present in the periplasmic region of LolC
[1], however, no interaction between LolC and Pal was observed
throughout the present study, suggesting that the hydrophobic cav-
ity of LolC, if any, does not function as a binding site for lipoproteins.
We previously found that LolA becomes attached to LolC at the en-
trance of its hydrophobic cavity [11]. This may be important for the
smooth transfer of lipoproteins from LolE to LolA because their lipo-
protein-binding sites are close to each other, as in the case of lipo-
protein transfer from LolA to LolB [11]. However, it remains to be
clariﬁed how acyl chains anchored to the lipid layer are transferred
to LolE in an ATP-independent manner. Thus, the study described
here raises the important question of what are the exact roles of
the periplasmic regions of LolC and LolE.
LolCDE homologues are conserved in many Gram-negative bac-
teria. Some of them are composed of a single species of membrane
M. Mizutani et al. / FEBS Letters 587 (2013) 23–29 29subunit and an ATPase subunit. Therefore, the LolCDE homologues
in these bacteria are composed of a homodimer of an ATPase sub-
unit and a homodimer of a membrane subunit. It is now evident
that LolC functions as a scaffold for LolA [11], and that LolE accom-
modates lipoproteins in the E. coli LolCDE complex. It would be of
great interest to determine how the identical two membrane sub-
units are able to play different roles in the lipoprotein release reac-
tion in bacteria such as those classiﬁed in subdivisions other than
the c-subdivision of proteobacteria [25]. If such functional differ-
entiation is not important in these bacteria, then the question
arises why similar but not identical subunits are speciﬁcally re-
quired in c-subdivision proteobacteria.
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